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We calculate the double-spin asymmetries ALL for the processes `N → hX and `N → jet X at next-to-
leading order accuracy in perturbative QCD. We compare our theoretical results for ALL to data from the SLAC
E155 experiment, finding only partially satisfactory agreement. We conclude that measurements of ALL and
the relevant polarized and unpolarized cross sections should be performed at the present-day fixed-target lepton
scattering experiments, as well as at a future electron ion collider, in order to verify our understanding of this
process. We present predictions of the longitudinal double-spin asymmetries for these experiments.
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I. INTRODUCTION
The single-inclusive production of hadrons (or jets) with
large transverse momenta in lepton-nucleon collisions, `N →
hX, has attracted much interest in recent years from both the
experimental [1–5] and the theoretical sides [6–20]. The main
reason for this interest is that `N → hX may prove to be par-
ticularly useful for obtaining a better understanding of trans-
verse (nucleon) spin effects. As is well known, measurements
for the related purely hadronic process pp → hX have re-
vealed large transverse single-spin asymmetries AN [21], and
the understanding of these large effects remains to pose a ma-
jor challenge to theory. Since the process `N → hX is gener-
ally simpler to analyze theoretically, it is hoped that its trans-
verse single-spin asymmetry will help us to identify the ori-
gins of the large effects observed in hadronic scattering.
The basis for the theoretical description of single-inclusive
processes is collinear factorization in perturbative QCD
(pQCD). In many instances, next-to-leading order (NLO) cor-
rections, or even corrections beyond NLO, are found to be
sizable for single-inclusive scattering [22–24]. Therefore, in
order to be able to reliably confront data and theory for the
single-transverse spin asymmetry for `N → hX, it is crucial
to have the NLO corrections for the cross sections entering
the asymmetry. The recent study [8] of AN in `p → hX at
leading order (LO) suggests the presence of sizable NLO cor-
rections: comparing to recent HERMES data [3] it was found
that the LO theoretical prediction lies significantly higher than
the data.
To compute the NLO corrections for the single-transverse
spin asymmetry is a very complex task, however. The asym-
metry is power-suppressed in QCD and involves twist-3 three-
parton correlations. Higher-order calculations for higher-twist
single-spin observables are notoriously difficult in pQCD and
still relatively scarce [25]. As a first step towards an NLO cal-
culation for the spin asymmetries in `p→ hX (or `p→ jet X),
we have recently computed the NLO results for the respec-
tive spin-averaged cross sections [15, 16] that constitute the
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denominators of the asymmetries. Indeed, large NLO correc-
tions were found for the various kinematic regimes of inter-
est. We note that very recently even the next-to-next-to lead-
ing order calculation for the spin-averaged cross section for
`p→ jet X was presented [19].
Unfortunately, so far no experimental data on the unpo-
larized cross sections exist that would allow for a compari-
son between theory and data. On the other hand, some data
from SLAC [1] and HERMES [2] are available on the double-
longitudinal spin asymmetry ALL, measured by scattering a
longitudinally polarized lepton off a longitudinally polarized
target. This asymmetry is of leading power in QCD and can
hence be analyzed with standard techniques in pQCD. There-
fore, prior to studying the more complex case of AN, we in-
vestigate ALL at NLO in this paper.
For the single-inclusive processes `p→ hX and `p→ jet X
the scattered lepton is not explicitly detected. As a result,
there are contributions to the cross sections for which the in-
cident lepton emits an almost real photon, followed by a hard
photoproduction scattering process. Such contributions are
formally NLO, but they are enhanced by the photon propa-
gator. In Refs. [26] and [27] (at NLO, including resolved-
photon contributions) the asymmetry ALL for `p → hX was
investigated under the approximation that the scattering is en-
tirely dominated by the exchange of such quasi-real photons.
However, as we found in [15], for the spin-averaged cross sec-
tion this assumption is valid only in very limited kinemati-
cal regions. In general, a full NLO calculation is needed, for
which the quasi-real photon contribution is just one among
several. In this paper we investigate in how far the assump-
tion of dominant exchange of quasi-real photons is justified
for the double-longitudinally polarized cross section and for
ALL. In this context we also present new comparisons to the
E155 data [1], on the basis of a full NLO calculation.
Our paper is structured as follows. In Sec. II we present
our NLO calculations for the longitudinally polarized cross
sections for `N → hX and `N → jet X. Section III presents
a comparison to the E155 data. Section IV presents numer-
ical predictions for the NLO double-spin asymmetry ALL to
be expected at various other fixed-target experiments and at a
future Electron Ion Collider (EIC). Finally, we summarize our
results in Sec. V.
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2II. NLO CALCULATION
A. Single-Inclusive Hadron Production
In this section we briefly present our derivation of the an-
alytical NLO results for the processes `N → hX and `N →
jet X with longitudinally polarized initial particles. We will
closely follow our previous paper [15] in which we computed
the corresponding unpolarized NLO cross sections. We will
be brief and highlight only the differences arising for longitu-
dinal polarization. We refer the reader to Ref. [15] for details
concerning the calculation.
The transverse momentum of the produced hadron sets a
hard scale, so that perturbative methods may be used for
treating the cross sections. We first consider `(l) + N(P) →
h(Ph)+X, where we have introduced our notation for the four-
momenta. We define the Mandelstam variables as S = (P+l)2,
T = (P − Ph)2 and U = (l − Ph)2. Furthermore, we denote the
energy of the detected hadron by Eh and its three-momentum
by ~Ph. The momenta of the incoming parton, kµ, and of the
fragmenting parton, pµ, which appear in the calculation of the
partonic cross sections, are approximated as kµ ' xPµ and
pµ ' Pµh/z, respectively. It is then convenient to work with the
partonic Mandelstam variables
s = (k + l)2 ≈ xS , t = (k − p)2 ≈ x
z
T, u = (l − p)2 ≈ U
z
. (1)
We will consider the following difference of cross sections:
∆σ ≡ 1
2
[
Eh
d3σ`N→hX(S L = +1, λe = +1)
d3Ph
− Eh d
3σ`N→hX(S L = +1, λe = −1)
d3Ph
]
. (2)
In this expression S L and λ` denote the helicities of the nu-
cleon and the lepton, respectively. This choice of difference
between polarized cross sections corresponds to the numer-
ator of the longitudinal double-spin asymmetry A‖ that was
measured by the E155 experiment [1].
The general form of the factorized polarized cross section
for inclusive hadron production process is then
∆σ =
1
S
∑
i, f
∫ 1
0
dx
x
∫ 1
0
dz
z2
∆ f i/N(x, µ)
× Dh/ f (z, µ) ∆σˆi→ f (s, t, u, µ) , (3)
where ∆ f i/N(x, µ) is the helicity parton distribution function
for the incoming parton i in the nucleon N and Dh/ f (z, µ) the
fragmentation function for parton f fragmenting into hadron
h, both evaluated at a factorization scale µ. As in Ref. [15] we
choose the factorization scales to be the same for the initial
and the final state, and also equal to the renormalization scale.
In Eq. (3), ∆σˆi→ f is the difference of longitudinally polarized
cross sections for the lepton-parton scattering process ` + i→
f + x, with x an unobserved final state. This difference is
defined in analogy with that in Eq. (2) The sum in Eq. (3)
runs over the different species of partons, quarks, gluons and
antiquarks. We note that the expression in Eq. (3) holds up
to corrections that are suppressed by inverse powers of the
produced hadron’s transverse momentum Ph⊥.
It is convenient to rewrite the x- and z-integrals in Eq. (3)
in terms of new variables v ≡ 1 + t/s and w ≡ −u/(s + t).
Using (1), we have
x =
1 − v
vw
U
T
, z =
−T
(1 − v)S , (4)
and Eq. (3) becomes
∆σ =
(−U
S 2
)∑
i, f
∫ 1+ TS
U
T+U
dv
v(1 − v)
∫ 1
1−v
v
U
T
dw
w2
× ∆ f
i/N(x, µ)
x
Dh/ f (z, µ)
z2
∆σˆi→ f (v,w, µ) , (5)
where x = 1−vvw
U
T , z =
−T
(1−v)S . For ease of notation, we have
kept the symbol ∆σˆi→ f also for the polarized cross section
when expressed in terms of the new variables. We note that
the invariant mass of the unobserved recoiling final state is
given by s + t + u = sv(1 − w).
The partonic polarized cross sections ∆σˆi→ f in Eq. (5) can
be calculated in QCD perturbation theory. One may write
their expansions in the strong coupling αs as
∆σˆi→ f = ∆σˆi→ fLO +
αs
pi
∆σˆ
i→ f
NLO + O(α2s) . (6)
As explained in detail in Ref. [15], there are contributions to
the NLO cross section for which the photon exchanged be-
tween lepton and quark is almost real. These contributions
are typically sizable. In fact they diverge when the mass of
the lepton tends to zero. Expanding the partonic cross section
in the (small) lepton mass m`, one finds the structure
∆σˆ
i→ f
NLO(v,w,m`, µ) = ∆σˆ
i→ f
log (v,w) log(m`/µ) +
∆σˆ
i→ f
0 (v,w, µ/s) + O(m2` log(m`)), (7)
which exhibits the “mass singularity” as m` → 0. The scale µ
is arbitrary and cancels between the first two pieces. The loga-
rithmic part in (7) in a sense opens up new partonic channels at
NLO, since it arises from configurations where the lepton ra-
diates the photon collinearly, which subsequently participates
as an initial particle in a photoproduction scattering process.
Dropping all terms that vanish for m` = 0 we arrive at the
following form of the NLO cross section:
∆σ =
(−U
S 2
)∑
i, f
∫ 1+ TS
U
T+U
dv
v(1 − v)
∫ 1
1−v
v
U
T
dw
w2
× ∆ f
i/N(x, µ)
x
Dh/ f (z, µ)
z2
[
∆σˆ
i→ f
LO (v) +
αs(µ)
pi
∆σˆ
i→ f
NLO(v,w, µ)
+ ∆ f γ/`
(
1−v
1−vw , µ
) αs(µ)
pi
∆σˆ
γi→ f
LO (v,w)
]
, (8)
3where
∆ f γ/`(y, µ) ≡ αem
2pi
∆Pγ`(y) log
 µ2
y2m2
`
 + O(α2em) (9)
is the polarized “photon-in-lepton” distribution, with αem the
fine structure constant. It can be calculated perturbatively
as discussed in Ref. [15] and involves the polarized lepton-
photon splitting function ∆Pγ/`(y) = 2 − y. The ∆σˆγi→ fLO are
the spin-dependent lowest-order scattering cross sections for
γ + i → f + x, computed with real incoming photons. They
will be given below. We stress again that Eq. (8) is exact up
to terms that vanish as m` → 0. The same result may be ob-
tained in a calculation that treats the lepton as massless from
the beginning. The ensuing collinear divergence may then
be absorbed into a “bare” photon-in-lepton distribution and
is canceled in this way [15].
For the LO partonic cross section in (8), present only for the
channel q → q with an incoming quark that also fragments,
one finds
∆σˆ
q→q
LO = 2α
2
eme
2
q
1
sv
1 − v2
(1 − v)2 δ(1 − w) , (10)
where eq is the quark’s fractional charge.
The NLO terms may be computed using the techniques dis-
cussed in [15]. The only new technical aspect concerns the
use of the Dirac matrix γ5 and the Levi-Civita tensor µνρσ
in dimensional regularization, which appear in the projec-
tions onto helicity states for the incoming particles. We use
the ’t Hooft-Veltman-Breitenlohner-Maison (HVBM) scheme
[28, 29] throughout our calculation. For details of the applica-
tion of these scheme in NLO calculations of single-inclusive
cross sections we refer the reader to [30]. As is well-known,
the HVBM scheme produces spurious terms that violate helic-
ity conservation at the quark-gluon vertex [31]. This feature
manifests itself in a spin-dependent splitting function ∆Pqq(y)
in d = 4 − 2 dimensions that differs from the spin-averaged
one, ∆Pqq(y) = Pqq(y)+ε 4CF(1−y). This may be corrected by
a finite subtraction in the process of factorization of collinear
singularities. This is the standard choice made in the literature
and is also in accordance with all modern sets of NLO helicity
parton distribution functions.
For the NLO term in the q→ q channel we find
∆σˆ
q→q
NLO(v,w, µ) =
α2eme
2
qCF
svw
[
∆Aq→q0 δ(1 − w)
+ ∆Aq→q1
(
log(1 − w)
1 − w
)
+
+
1
(1 − w)+
{
∆Bq→q1 log
(
1 − v
v(1 − v(1 − w))
)
+ ∆Bq→q2 log(1 − v(1 − w)) + ∆Bq→q3 log
(
sv2
µ2
) }
+ ∆Cq→q1 log(v(1 − w)) + ∆Cq→q2 log
(
(1 − v)w
1 − vw
)
+ ∆Cq→q3 log
(
1 − v
(1 − vw)(1 − v(1 − w))
)
+ ∆Cq→q4 log (1 − v(1 − w))
+ ∆Cq→q5 log
(
s
µ2
)
+ ∆Cq→q6
]
, (11)
where CF = 4/3.The coefficients ∆A
q→q
i , ∆B
q→q
i , ∆C
q→q
i are
functions of v and w and may be found in the Appendix. Equa-
tion (11) contains the usual “plus distributions” defined as
∫ 1
0
dw f (w)
[
g(w)
]
+ =
∫ 1
0
dw
[
f (w) − f (1)] g(w) . (12)
For the channels q → g and g → q we find the simpler ex-
pressions
∆σˆ
q→g
NLO(v,w, µ) =
α2eme
2
qCF
svw
[
∆Cq→g1 log(1 − v(1 − w))
+ ∆Cq→g2 log
(
1 − v
(1 − vw)(1 − v(1 − w))
)
+ ∆Cq→g3 log
(
v(1 − w)s
µ2
)
+ ∆Cq→g4
]
, (13)
and
∆σˆ
g→q
NLO(v,w, µ) =
α2eme
2
qTR
svw
[
∆Cg→q1 log
(
(1 − v)w
1 − vw
)
+ ∆Cg→q2 log
(
v(1 − w)s
µ2
)
+ ∆Cg→q3
]
, (14)
where TR = 1/2. The coefficients ∆C
q→g
i and ∆C
g→q
i are again
given in the Appendix. We finally list the spin-dependent par-
4tonic cross sections for the photon-initiated channels:
∆σˆ
γq→q
LO (v,w) =
2piCFαeme2q
s(1 − v)
1 − v2w2
vw
,
∆σˆ
γq→g
LO (v,w) =
2piCFαeme2q
s(1 − v)
vw(2 − vw)
1 − vw ,
∆σˆ
γg→q
LO (v,w) = −
2piTRαeme2q
s(1 − v)
v2w2 + (1 − vw)2
vw(1 − vw) . (15)
B. Single-inclusive Jet Production
Having computed the NLO polarized cross section for in-
clusive hadron production the extension to single inclusive
jet production is relatively straightforward, using the tech-
niques of Refs. [32–34]. The spin-dependent cross section
for `N → jet X may be written as
∆σ`N→jetX =
1
S
∑
i
∫ 1
−U
S+T
dw
w
∆ f i/N
(
x = −Uw(S+T ) , µ
)
×
[
∆σˆ
i→jet
incl. parton
(
v = 1 +
T
S
,w, µ
)
+ ∆σˆ
i→jet
R
(
v = 1 +
T
S
,w, µ;R
)]
. (16)
As indicated, the partonic cross section is the sum of two con-
tributions. The first contains inclusive-parton cross sections
∆σˆ
i→jet
incl. parton. This part of the cross section is obtained from (8)
by setting the fragmentation functions to δ(1 − z). Explicitly,
we have
∆σˆ
i→jet
incl. parton (v,w, µ) =
∑
f
[
∆σˆ
i→ f
LO (v) +
αs(µ)
pi
∆σˆ
i→ f
NLO(v,w, µ)
+ ∆ f γ/`
(
1−v
1−vw , µ
) αs(µ)
pi
∆σˆ
γi→ f
LO (v,w)
]
, (17)
where v = 1 + T/S . The inclusive-parton cross section has
been integrated over the full phase space of the unobserved
final-state particles, keeping the momentum of the observed
particle fixed. This is not appropriate for an NLO jet cross
section for which two final-state particles may jointly form
the jet. As shown in Refs. [32–34], one can correct for this
by introducing a subtraction piece. This piece is represented
by the term involving ∆σˆi→jetR in Eq. (16). As discussed fur-
ther in [32–34] one may determine the ∆σˆi→jetR analytically if
one assumes that the jet size parameter R is relatively small.
Without going into further detail we just quote the final results
relevant for the spin-dependent cross section for `N → jet X:
∆σˆ
q→jet
R (v,w, µ;R) = −
αs(µ)
pi
CFα2eme
2
q
svw
∆Hq→q(v,w)
×
[
Ajet0 (v;R) δ(1 − w) + Ajet1 (v,w)
(
log(1 − w)
1 − w
)
+
+
Bjet1 (v,w;R)
1
(1 − w)+ +C
jet
1 (v,w;R)
]
+ O(α2s),
∆σˆ
g→jet
R (v,w, µ;R) = O(α2s). (18)
The coefficients Ajet0 , A
jet
1 , B
jet
1 , C
jet
1 are given in the Ap-
pendix. They show that the NLO jet cross section has the form
A log(R) + B + O(R2). The coefficient Ajet0 depends on the jet
algorithm used to define the jet parameter R. The result given
in the Appendix refers to the anti-kT algorithm [35]. The hard-
scattering function in (18) is related to the Born cross section
in Eq. (10):
∆Hq→q(v,w) = 1 − v
′2
(1 − v′)2
∣∣∣∣∣∣
v′=vw/(1−v(1−w))
. (19)
We note that for the unpolarized cross section the same coef-
ficients Ajet0 , A
jet
1 , B
jet
1 , C
jet
1 appear, with however the hard part
∆Hq→q(v,w)→ Hq→q = 1 + v
′2
(1 − v′)2
∣∣∣∣∣∣
v′=vw/(1−v(1−w))
. (20)
III. PHENOMENOLOGICAL RESULTS
In this section we present numerical estimates for the longi-
tudinal double-spin asymmetry ALL for the kinematical setup
of the SLAC E155 experiment [1]. Although HERMES also
reports a measurement of ALL [2] in ep → hX, we cannot
compare to their data. The reason is that the HERMES data
are not fully single-inclusive but were taken with the require-
ment that the scattered electron not be seen within the detec-
tor acceptance. This is different from a fully single-inclusive
measurement for which the electron may be in any region of
phase space. Also, hadron transverse momenta are typically
very low for the HERMES data.
E155 used an electron beam with energy E = 48.35 GeV
scattering off proton or deuteron targets. The experiment mea-
sured the double-longitudinal spin asymmetry
A`N→hXLL (S ,T,U) ≡
∆σ`N→hXNLO (S ,T,U)
σ`N→hXNLO (S ,T,U)
. (21)
at two scattering angles, θ = 2.75◦ and θ = 5.5◦, defined in
the laboratory (target rest) frame, relative to the direction of
the incident lepton beam. Hadrons with momenta 10 GeV ≤
|~Ph| ≤ 29 GeV were accepted, again defined in the laboratory
frame. The asymmetry A`N→hXLL was measured as a function
of |~Ph|. Data were presented for identified pions and also for
unidentified charged hadrons.
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FIG. 1. Unpolarized cross sections ((a) and (c)) and longitudinal double-spin asymmetries ALL for ep → pi+X, at scattering angle θ = 2.75◦
(upper panel) and θ = 5.5◦ (lower panel), respectively. We show LO and NLO results. The data are from E155 III. The dashed line shows the
pure Weizsa¨cker-Williams contributions by quasi-real photons. The bands in (a) and (c) represent the scale variation 1 GeV < µ < 2Ph⊥.
In order to compute A`N→hXLL at NLO we use Eq. (8) for the
spin-dependent cross section, accompanied by the results in
Eq. (25) of Ref. [15] for the spin-averaged one. In the target
rest frame, neglecting the mass of the produced hadron, we
have
S = (P + l)2 = 2ME + M2 ,
T = (P − Ph)2 = M2 − 2M|~Ph| ,
U = (l − Ph)2 = −2E|~Ph|(1 − cos θ) , (22)
where M is the proton mass. We note that we find a rather
strong decrease of our results (at the level of about 10%) if we
drop the M2 terms in (22). This is to be understood from the
relatively modest beam energy and the forward kinematics. In
principle we should include the full set of target mass correc-
tions which, however, is beyond the scope of this article.
We note that the transverse hadron momentum is given in
the rest-frame variables by |~Ph⊥| = |~Ph| sin(θ). Since the trans-
verse momentum sets the hard scale for the process we de-
mand for our calculations that |~Ph⊥| ≥ 1 GeV. For the scatter-
ing angle θ = 2.75◦ this corresponds to a lower bound |~Ph| ≥
20.9 GeV whereas for θ = 5.5◦ we have |~Ph| ≥ 10.5 GeV.
Conversely, for θ = 2.75◦ the data extend to |~Ph| = 29 GeV,
corresponding to transverse momenta |~Ph⊥| ≤ 1.4 GeV. For
θ = 5.5◦ the maximal hadron momentum in E155 is about
|~Ph| = 24 GeV, yielding |~Ph⊥| ≤ 2.3 GeV.
Throughout our calculations we use the NLO unpolarized
parton distributions of [36], referred to as MSTW2008. For
the helicity parton distributions we use the latest NLO set
of [37] (DSSV). When dealing with deuteron targets we ne-
glect nuclear binding effects and simply use D = (p + n)/2
along with the the isospin relations f u/n = f d/p etc. for the up
and down distributions in neutrons. Finally, for the pion frag-
mentation functions we choose the latest set of [38] (DSS14).
This reference does not provide fragmentation functions for
unidentified charged hadrons. For the latter we therefore use
the earlier DSS sets [39].
The experiment E155 has released data for the channels
ep → pi±X, ep → h±X, eD → pi±X and eD → h±X. In
the following we will briefly discuss each of these.
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FIG. 2. Same as Figs. 1a - 1d, but for ep→ pi−X. Again, the upper panel corresponds to θ = 2.75◦ and the lower panel to θ = 5.5◦
1. ep→ pi+X
Figure 1a shows the unpolarized cross section for ep →
pi+X as a function of |~Ph⊥| at a scattering angle of θ = 2.75◦.
We plot
dσ`N→hX
d|~Ph| dθ
= 2pi|~Ph| sin(θ)
(
Eh
dσ`N→hX
d3~Ph
)
, (23)
at LO (lower solid line and band) and NLO (upper). The
solid lines represent the cross sections computed at scale
µ = |~Ph⊥| = |~Ph| sin θ, while the bands are generated from
the scale variation 1 GeV < µ < 2Ph⊥. The upper end of the
band corresponds to the lowest scale. We find that the NLO
corrections are large, with K ≡ σNLO/σLO-factors of about 2-
3 at E155 for this scattering angle. The dashed line in Fig. 1a
represents the contribution to the cross section by quasi-real
photons, obtained in the unpolarized case as (cf. Eq. (8) and
see also Eq. (25) of Ref. [15]):
σ =
(−U
S 2
)∑
i, f
∫ 1+ TS
U
T+U
dv
v(1 − v)
∫ 1
1−v
v
U
T
dw
w2
f i/N(x, µ)
x
× D
h/ f (z, µ)
z2
f γ/`
(
1−v
1−vw , µ
) αs(µ)
pi
σˆ
γi→ f
LO (v,w) . (24)
We refer to this contribution in the plots as “pure WW” con-
tribution. We again adopt the scale µ = |~Ph⊥|. As one can
see, the real-photon contribution dominates the cross section
only at the lower values of |~Ph|. This finding is at variance
with the general assumption made in [1, 26, 27] that the bulk
of inclusive-hadron events is produced by real photons. For
the scattering angle θ = 5.5◦ (see Fig. 1c) the contribution by
quasi-real photons does not really dominate anywhere in the
regime of interest. We conclude that our full NLO calculation
is required here for a meaningful comparison to the data. We
note that the K-factors are slightly smaller at this scattering
angle.
Turning to the corresponding spin asymmetries shown in
Figs. 1b, 1d we find that the NLO corrections do not influence
the asymmetries as much as the cross sections. Instead, a sig-
nificant part of NLO corrections seems to cancel in the asym-
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FIG. 3. Longitudinal double-spin asymmetries ALL for eD→ pi+X (a),(b) and eD→ pi−X (c),(d) for the scattering angles θ = 2.75◦ (a),(c) and
θ = 5.5◦ (b),(d).
metry. On the other hand, there is a clear trend for the asym-
metry to decrease when going from LO to NLO. This helps
to bring the theoretical results closer to the data. Still, even
at NLO our results for the spin asymmetry are much higher
than the data for θ = 2.75◦. For the angle θ = 5.5◦ we find a
slightly better agreement, mostly because the data have larger
error bars here. We note that for the kinematics that are rele-
vant here the involved parton distributions and fragmentation
functions are rather well constrained. It is conceivable that the
disagreement we observe for the spin asymmetries indicates
that perturbative-QCD methods are not yet applicable at such
relatively low |~Ph⊥|. Higher-twist corrections might account
for the difference, in particular for the data at θ = 2.75◦.
2. ep→ pi−X
In Figs. 2a – 2d we present our results for pi− production
off a proton target. The plots of the unpolarized cross sections
in Figs. 2a, 2c qualitatively resemble those for pi+-production,
that is, we observe large K-factors and dominance of the real-
photon contribution at the smaller pi− momenta for θ = 2.75◦.
Also, as for pi+-production the contributions by real photons
do not dominate for θ = 5.5◦. Since we find the same quali-
tative features of the cross section also for all other channels,
eD → pi±X, ep → h±X and eD → h±X, we refrain from
showing plots for their unpolarized cross sections.
In Figs. 2b, 2d we compare our results for the asymmetries
to the E155 data and find a better agreement with the data
than for pi+-production. Again we observe that the NLO cor-
rections are overall not quite as large for the asymmetries as
they are for the cross sections. As before they tend to push the
theory curves closer to the data.
3. eD→ pi±X
Figures 3a – 3d present numerical results for the asymme-
tries ALL for pion production off a deuteron target. We observe
an overall better agreement with the E155 data than for scat-
tering off protons, especially for pi+-production. Again, the
NLO corrections tend to improve the agreement, although by
and large, the NLO results are somewhat higher than the data.
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FIG. 4. Same as Figs. 3a - 3d, but for production of unidentified positive (a),(b) and negative (c),(d) hadrons off a proton target.
4. ep→ h±X
We finally discuss the spin asymmetries for unidentified
charged hadrons. Our results for production off a proton target
are shown in Figs. 4a – 4d. We find that for positively charged
hadrons the NLO results are much higher than the E155 data
for both scattering angles θ = 2.75◦ and θ = 5.5◦. This is
also true for negatively charged hadrons at the larger scatter-
ing angle. For ep → h−X at θ = 2.75◦ the trend of the data as
a function of the hadron momentum is opposite to that of the
theoretical results.
5. eD→ h±X
The corresponding results for unidentified hadrons pro-
duced off a deuteron target are shown in Figs. 5a – 5d. Com-
pared to the case of a proton target the theoretical curves are
now overall much closer to the E155 data. This finding is in
line with what we observed for pion production above.
IV. PREDICTIONS
In view of the unclear situation concerning the comparison
of NLO theory and E155 data we argue that it would be impor-
tant to have independent data on the unpolarized cross section
and the longitudinal double-spin asymmetry. We now present
some phenomenological predictions for ALL at NLO in single-
inclusive pion production for HERMES, JLab12, COMPASS
and the future EIC. For the latter, we also investigate the
spin asymmetry in jet production. In our previous paper [15]
we have already presented results for the corresponding spin-
averaged cross sections, and we compute the spin asymmetry
for the same kinematics considered there. We always show
LO and full NLO results, using the scale µ = |~Ph⊥|.
In Figs. 6a, 6b we show the asymmetries in ep → pi+X at√
S = 7.25 GeV, as relevant for HERMES. The left figure
shows the dependence of ALL on the Feynman variable xF ,
averaging the cross sections over 1 GeV < Ph⊥ < 2.2 GeV.
Similar to what we found for E155 the NLO corrections to
the asymmetry are not large, despite large K-factors for the
spin-averaged cross section (cf. Ref. [15]). We observe that
the asymmetries grow toward larger Feynman-xF where the
NLO corrections become larger. Figure 6b shows the Ph⊥-
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FIG. 5. Same as Figs. 3a - 3d, but for unidentified positive (a), (b) and negative (c), (d) hadrons produced off a deuteron target.
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FIG. 6. Longitudinal double-spin asymmetries ALL for ep → pi+X at HERMES, at LO and NLO, (a) as function of xF for 1 GeV < Ph⊥ <
2.2 GeV, and (b) as function of Ph⊥ for 0.3 < xF < 0.55.
dependence of ALL, with xF averaged over 0.3 < xF < 0.55.
Clearly, a very large spin asymmetry is expected for these
kinematics.
Figures 7a, 7b show results for the spin asymmetry in ` 3He
scattering at beam energy of 12 GeV, corresponding to mea-
surements possible with the CEBAF upgrade at Jefferson Lab.
For the calculations of the unpolarized cross section we ne-
glect nuclear effects for Helium and just set 3He= (2p + n)/3
along with the usual isospin relations for the parton distri-
butions. The situation is different for the helicity distribu-
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FIG. 7. Same as Figs. 6a, 6b, but for ` 3He scattering at beam energy 12 GeV after the CEBAF upgrade at Jefferson Lab. On the left we have
chosen a fixed Ph⊥ = 1.5 GeV, while for the Ph⊥ dependence on the right we have integrated over −0.4 ≤ xF ≤ 0.4.
tions. To a good approximation the two spins of the protons
in a polarized 3He nucleus are antiparallel. Effectively, the
nucleus can be considered a polarized neutron target, with
∆ f q/
3He = ∆ f q/n. Again, we then use isospin symmetry
to obtain the neutron’s helicity distributions. As seen from
Figs. 7a, 7b, the resulting asymmetry is negative and much
smaller in size than the one for a proton target found for HER-
MES kinematics. The NLO corrections affect the asymmetry
only little. We stress that for the very modest beam energy
at JLab12 the use of perturbative methods for analyzing the
process `N → hX is questionable.
The COMPASS experiment employs a 160 GeV muon
beam on a fixed target, resulting in a much larger center-
of-mass energy of
√
S = 17.4 GeV. As a result, a wider
Ph⊥-range can be probed. As we found in Ref. [15], this
yields a more controlled perturbative framework, with the
NLO corrections to the spin-averaged cross section amount-
ing to only about 30− 40%. Predictions for ALL in µp→ pi0X
at COMPASS are shown in Figs. 8a, 8b. On the left we plot
the asymmetry as a function of pion’s c.m.s. pseudorapid-
ity η, at a fixed transverse momentum Ph⊥ = 2 GeV. On the
right, we show the Ph⊥-dependence of ALL, averaging over
−0.1 ≤ η ≤ 2.38. We find that the asymmetry is again re-
duced by the NLO corrections. Despite the relatively large
energy ALL is expected to be sizable.
Excellent opportunities for studies of single-inclusive
hadron production would be provided by a future EIC [40].
Thanks to the high ep c.m.s. energy of an EIC,
√
S =
100 GeV, it will become possible to probe much larger trans-
verse hadron momenta where pQCD is expected to work bet-
ter. We have presented numerical results in Ref. [15] (see
Fig. 8a of this reference) for the η-dependence of the unpo-
larized cross section for ep → pi+X at the EIC, at a relatively
large fixed transverse hadron momentum Ph⊥ = 10 GeV. Our
results indicated a milder modification of the LO result by
NLO corrections for such a large transverse hadron momen-
tum, with a K-factor of about 1.5. In particular, the NLO cor-
rections are dominated by real photon contributions for pos-
itive pseudorapidities η > 1. We find for the η-dependence
of the asymmetry ALL at Ph⊥ = 10 GeV that the effect of the
NLO corrections is rather small.
Interestingly, NLO corrections to the asymmetry ALL be-
come quite important for a smaller fixed transverse hadron
momentum Ph⊥ = 3 GeV. In this case the event rate is about
200 times larger compared to the one at a large transverse mo-
mentum Ph⊥ = 10 GeV. In Fig. 9a we plot the asymmetry
ALL for ep → pi+X at the EIC as a function of the pion’s
c.m.s. pseudorapidity η, at a fixed pion transverse momen-
tum Ph⊥ = 3 GeV. At midrapidity (where the event rate is
largest) the asymmetry is about 2%. The asymmetry is con-
siderably affected by NLO-corrections for pseudorapidities
η > 0.5. In this region we observe a 60% reduction of the
asymmetry when going from LO to NLO. This effect is gen-
erated by large K-factors of the unpolarized NLO cross sec-
tion, caused by dominant real photon contributions. The un-
polarized cross section receives positive enhancements from
all partonic channels. On the other hand, the spin-dependent
cross section obtains a relatively large negative contribution
from the gluon-induced subprocess which partly compensates
the large positive enhancements from the quark induced chan-
nels. Overall, this leads to an NLO correction that is smaller
for the spin-dependent cross section than for the spin-averaged
one, and consequently to a large NLO effect on the asymme-
try. This sensitivity to gluon-induced processes at NLO indi-
cates an opportunity to constrain the gluon’s helicity distribu-
tion ∆g at the EIC.
The Ph⊥-dependence of the spin asymmetry at the EIC
is shown in Fig. 9b. As expected, the asymmetry becomes
smaller at lower pion transverse momenta and the NLO cor-
rection lowers the asymmetry somewhat.
Given the high energy of an EIC, also jet observables will
become available. Therefore, we also present predictions for
the double-longitudinal spin asymmetry ALL in ep → jet X,
using the NLO calculations described in Sec. II B. We adopt
the anti-kt jet algorithm of [35]. Figure 10a shows the depen-
dence of ALL on the jet’s pseudorapidity η at fixed jet trans-
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FIG. 9. Longitudinal double-spin asymmetry ALL for ep → pi+X at an EIC with
√
S = 100 GeV, at LO and NLO, (a) as function of c.m.s.
pseudorapidity η at fixed Ph⊥ = 3 GeV, (b) as function of Ph⊥, integrated over |η| ≤ 2.
verse momentum P j⊥ = 10 GeV. We plot the NLO asym-
metry for two jet sizes, R = 0.2 and R = 0.7. For negative
jet-pseudorapidities the NLO corrections seem to increase the
asymmetry with respect to the LO result, while they decrease
it for positive pseudorapidities. The P j⊥-dependence of the
asymmetry is shown in Fig. 10b. It turns out to remain largely
unaffected by the NLO corrections.
V. CONCLUSIONS
We have performed next-to-leading order calculations of
the spin-dependent partonic cross sections for the processes
`N → hX and `N → jet X for longitudinal polarization of the
initial particles. Based on these results we have computed the
double-longitudinal spin asymmetry ALL to NLO accuracy.
We have found that the NLO corrections tend to reduce the
size of the spin asymmetry.
We have presented detailed comparisons of our ALL to the
data by the SLAC E155 experiment which has measured the
asymmetry for ep and eD scattering, in each case both for
charged pions and for unidentified charged hadrons h±. Data
were recorded separately for two scattering angles, θ = 2.75◦
and θ = 5.5◦. No consistent picture emerges from the com-
parisons. By and large, the theoretical asymmetry lies higher
than the data. For scattering off a deuteron target there is typ-
ically at least a qualitative agreement between the NLO cal-
culation and the data. A notable exception is the asymmetry
for eD → h+X. For scattering off a proton target, some of
the asymmetries are very badly described, with the theoreti-
cal results being much higher than the data. This is the case
especially for the asymmetries for ep → pi+X at the lower
scattering angle and for ep→ h+X for both angles.
It is difficult to draw clear-cut conclusions from these find-
ings. It is possible that non-perturbative power-suppressed
contributions are still relevant in kinematic regimes relevant
for E155, which would invalidate the use of QCD perturbation
theory. Assuming that this is not the case, one question con-
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FIG. 10. Longitudinal double-spin asymmetry for single-inclusive jet production at the EIC, (a) as function of jet pseudorapidity η at a fixed
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cerns the role of QCD corrections beyond NLO. As we have
seen, the asymmetries decrease when going from LO to NLO
so that it is conceivable that this trend will continue when
even higher orders are taken into account. While a NNLO
calculation of the spin-averaged cross section has now been
carried out for `N → jet X [19], no such calculation exists
presently for `N → hX or for the double-spin asymmetry. On
the other hand, it may well be that the bulk of the beyond-NLO
corrections can be estimated using QCD threshold resumma-
tion techniques. A related study has recently been performed
for the process `N → `′hX in photoproduction (that is, with
an observed final-state lepton) [24], and it was indeed found
that the higher-order corrections further suppress the asym-
metry. However, this suppression will likely not be significant
enough to bridge the partly large differences between data and
theory we find.
Arguably the physically most interesting explanation for
the observed discrepancies would resort to changes in the he-
licity parton distributions. In this context it is interesting to
note that recent data for the spin asymmetry ALL in photopro-
duction via µN → µ′hX published by COMPASS [41] also
show a trend that the deuteron asymmetry is better described
by theory than the proton one. On the other hand, unlike for
photoproduction, for `N → hX only quarks participate at the
lowest order. For the kinematics relevant at E155 the average
values of the incoming parton’s momentum fraction x are rel-
atively large, so that the up and down valence helicity distribu-
tions make the dominant contributions to the spin-dependent
cross section. These distributions are rather well constrained,
so there is little room for major changes here. The gluon he-
licity distribution is still known with much poorer accuracy;
however, again in contrast to photoproduction, gluonic chan-
nels enter only at NLO and hence the sensitivity of ALL to ∆g
is relatively weak. Overall it appears unlikely that the dis-
crepancies between data and theory that we observe are due
to the helicity parton distributions alone, especially given that
the NLO proton asymmetries for E155 kinematics would need
to decrease very strongly (see for example Figs. 4a and 4b).
Clearly, further studies are needed here.
We hope that other experiments can obtain new data for ALL
in single-inclusive lepton scattering. We thus have presented
predictions for the spin asymmetry for HERMES, JLab12,
COMPASS and the electron ion collider. We expect that latter
to provide particularly valuable information. Data, if avail-
able with sufficient precision and large lever arm in kinemat-
ics, might help to clarify whether and when the process can be
reliably described by perturbative QCD. As discussed in the
Introduction, this would in turn have important ramifications
also for our understanding of single-transverse spin asymme-
tries, since a proper understanding of the simpler leading-twist
observables in these single-inclusive processes is required be-
fore one can reliably address the more complicated transverse
spin effects.
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Appendix A: NLO coefficients
Here we present the NLO coefficients in Eqs. (11), (13),
(14) for the various partonic channels. We start with inclusive-
hadron production:
13
a. q→ q channel:
∆Aq→q0 =
1 + v
1 − v
(
(3 + 2 log v) log
(
s(1 − v)
µ2
)
+ log2 v − 8
)
,
∆Aq→q1 = 8w
1 − v(1 − 2w)
1 − v ,
∆Bq→q1 = 4w
1 + vw
1 − v ,
∆Bq→q2 = 4w
1 − v(1 − 2w)
1 − v ,
∆Bq→q3 = 4w
1 − v(1 − 2w)
1 − v , (A1)
∆Cq→q1 =
1
(1 − v)(1 − v(1 − w))
[
2 − w + vw(9 − w)
−v2(2 + 2w − 3w2) − 2v3w(1 − 3w + 2w2)
]
,
∆Cq→q2 =
2(1 + v)
1 − v ,
∆Cq→q3 = −
2vw(1 − v(1 − 2w))
1 − v ,
∆Cq→q4 =
2v2w(1 − w)(1 − v(1 − 2w))
(1 − v)(1 − v(1 − w)) ,
∆Cq→q5 =
1
(1 − v)(1 − v(1 − w))
[
2 − w + vw(5 − w)
−v2(2 − 2w + w2) − 2v3w(1 − 3w + 2w2)
]
,
∆Cq→q6 =
(1 − v)(1 − w)(1 + vw)
1 − v(1 − w) . (A2)
b. q→ g channel:
∆Cq→g1 =
2vw(1 − v(1 − 2w))(1 + v2(1 − w)2)
(1 − v)(1 − v(1 − w))2 ,
∆Cq→g2 = −
2vw(1 + v(1 − 2w))
1 − v ,
∆Cq→g3 =
vw
(1 − v)(1 − vw)2(1 − v(1 − w))2
[
1 − v(1 − 2w)
+v2(1 − 2w − 3w2) − v3(1 − 7w2 + 4w3)
+2v4w(2 − 7w + 7w2 − 2w3)
−2v5w2(1 − w)2(1 − 2w)
]
,
∆Cq→g4 =
vw
(1 − v)(1 − vw)2(1 − v(1 − w))2
[
2 − 4v
+v2(4 − 13w + 12w2) − v3(2 − 14w + 13w2)
−v4w(3 − 4w + 3w2 − 2w3) + v5w2(1 − w)2
]
. (A3)
c. g→ q channel:
∆Cg→q1 = −
2(1 + v(1 − 2w))
1 − v ,
∆Cg→q2 = −
1
(1 − v)(1 − vw)2
[
2 − 2w + 2v(1 − 4w + 2w2)
−v2w(4 − 11w + 2w2) + 3v3w2(1 − 2w)
]
,
∆Cg→q3 =
1
(1 − v)(1 − vw)2
[
2(1 − w) + 2v(2 − 5w + 2w2)
−v2w(7 − 12w + 2w2) + v3w2(7 − 8w)
]
. (A4)
For the single-inclusive jet cross section in Eq. (18) we have
the following coefficients:
Ajet0 =
(
3
2
+ 2 log v
)
log
(
v(1 − v)s
µ2
R2
)
+ 2 log2 v − 13
2
+
2
3
pi2,
Ajet1 = 4w,
Bjet1 = 2w log
(
wv3(1 − v)s
µ2
R2
)
,
Cjet1 =
vw
1 − v(1 − w) ×[
1 + v(1 − w)
1 − v(1 − w) log
(
w(1 − w)2v3(1 − v)s
µ2
R2
)
+ 1
]
, (A5)
where R is the jet size parameter. The coefficient Ajet0 depends
on the jet algorithm adopted [33]. The result given above ap-
plies to the anti-kT algorithm.
[1] P. L. Anthony et al. [E155 Collaboration], Phys. Lett. B 458,
536 (1999) [hep-ph/9902412].
[2] A. Airapetian et al. [HERMES Collaboration], JHEP 1008, 130
(2010) [arXiv:1002.3921 [hep-ex]].
[3] A. Airapetian et al. [HERMES Collaboration], Phys. Lett. B
728, 183 (2014) [arXiv:1310.5070 [hep-ex]].
[4] C. Van Hulse [HERMES Collaboration], EPJ Web Conf. 85,
02020 (2015).
[5] K. Allada et al. [Jefferson Lab Hall A Collaboration], Phys.
Rev. C 89, 042201 (2014) [arXiv:1311.1866 [nucl-ex]].
14
[6] Y. Koike, AIP Conf. Proc. 675, 449 (2003) [hep-ph/0210396];
Nucl. Phys. A 721, 364 (2003) [hep-ph/0211400];
[7] Z. B. Kang, A. Metz, J. W. Qiu and J. Zhou, Phys. Rev. D 84,
034046 (2011) [arXiv:1106.3514 [hep-ph]].
[8] L. Gamberg, Z. B. Kang, A. Metz, D. Pitonyak and
A. Prokudin, Phys. Rev. D 90, 074012 (2014) [arXiv:1407.5078
[hep-ph]].
[9] K. Kanazawa, A. Metz, D. Pitonyak and M. Schlegel, Phys.
Lett. B 742, 340 (2015) [arXiv:1411.6459 [hep-ph]].
[10] K. Kanazawa, A. Metz, D. Pitonyak and M. Schlegel, Phys.
Lett. B 744, 385 (2015) [arXiv:1503.02003 [hep-ph]].
[11] K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak and M. Schlegel,
Phys. Rev. D 93, 054024 (2016) [arXiv:1512.07233 [hep-ph]].
[12] M. Anselmino, M. Boglione, J. Hansson and F. Murgia, Eur.
Phys. J. C 13, 519 (2000) [hep-ph/9906418].
[13] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Mur-
gia and A. Prokudin, Phys. Rev. D 81, 034007 (2010)
[arXiv:0911.1744 [hep-ph]].
[14] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Mur-
gia and A. Prokudin, Phys. Rev. D 89, 114026 (2014)
[arXiv:1404.6465 [hep-ph]].
[15] P. Hinderer, M. Schlegel and W. Vogelsang, Phys. Rev. D 92,
014001 (2015), [Erratum: Phys. Rev. D 93, 119303 (2016)],
[arXiv:1505.06415 [hep-ph]].
[16] M. Schlegel, P. Hinderer and W. Vogelsang, PoS QCDEV2015,
021 (2015), [arXiv:1510.07421]
[17] Z. B. Kang, S. Mantry and J. W. Qiu, Phys. Rev. D 86,
114011 (2012) [arXiv:1204.5469 [hep-ph]]; Z. B. Kang, X. Liu,
S. Mantry and J. W. Qiu, Phys. Rev. D 88, 074020 (2013)
[arXiv:1303.3063 [hep-ph]].
[18] Z. B. Kang, X. Liu and S. Mantry, Phys. Rev. D 90, 014041
(2014) [arXiv:1312.0301 [hep-ph]].
[19] G. Abelof, R. Boughezal, X. Liu and F. Petriello, Phys. Lett. B
763, 52 (2016) [arXiv:1607.04921 [hep-ph]].
[20] U. D’Alesio, C. Flore and F. Murgia, arXiv:1701.01148 [hep-
ph].
[21] For review, see: C. A. Aidala, S. D. Bass, D. Hasch
and G. K. Mallot, Rev. Mod. Phys. 85, 655 (2013)
[arXiv:1209.2803 [hep-ph]].
[22] B. Ja¨ger, A. Scha¨fer, M. Stratmann and W. Vogelsang, Phys.
Rev. D 67, 054005 (2003) [hep-ph/0211007].
[23] D. de Florian, M. Pfeuffer, A. Scha¨fer and W. Vogelsang, Phys.
Rev. D 88, no. 1, 014024 (2013) [arXiv:1305.6468 [hep-ph]].
[24] C. Uebler, A. Scha¨fer and W. Vogelsang, Phys. Rev. D 92, no.
9, 094029 (2015) [arXiv:1510.01058 [hep-ph]].
[25] W. Vogelsang and F. Yuan, Phys. Rev. D 79, 094010 (2009)
[arXiv:0904.0410 [hep-ph]]; Z. B. Kang, I. Vitev and H. Xing,
Phys. Rev. D 87, 034024 (2013) [arXiv:1212.1221]; L. Y. Dai,
Z. B. Kang, A. Prokudin and I. Vitev, Phys. Rev. D 92, no. 11,
114024 (2015) [arXiv:1409.5851 [hep-ph]]; S. Yoshida, Phys.
Rev. D 93, no. 5, 054048 (2016) [arXiv:1601.07737 [hep-ph]].
[26] A. Afanasev, C. E. Carlson and C. Wahlquist, Phys. Lett. B
398, 393 (1997) [hep-ph/9701215]; Phys. Rev. D 58, 054007
(1998) [hep-ph/9706522]; Phys. Rev. D 61, 034014 (2000)
[hep-ph/9903493].
[27] B. Ja¨ger, M. Stratmann and W. Vogelsang, Phys. Rev. D 68,
114018 (2003) [hep-ph/0309051]; Eur. Phys. J. C 44, 533
(2005) [hep-ph/0505157].
[28] G. ’t Hooft and M.J.G. Veltman, Nucl. Phys. B44, 189 (1972).
[29] P. Breitenlohner and D. Maison, Commun. Math. Phys. 52, 11
(1977).
[30] L. E. Gordon and W. Vogelsang, Phys. Rev. D 48, 3136 (1993).
[31] M. Stratmann, A. Weber and W. Vogelsang, Phys. Rev. D 53,
138 (1996) [hep-ph/9509236]; W. Vogelsang, Nucl. Phys. B
475, 47 (1996) [hep-ph/9603366].
[32] B. Ja¨ger, M. Stratmann and W. Vogelsang, Phys. Rev. D 70,
034010 (2004) [hep-ph/0404057].
[33] A. Mukherjee and W. Vogelsang, Phys. Rev. D 86, 094009
(2012) [arXiv:1209.1785 [hep-ph]].
[34] T. Kaufmann, A. Mukherjee and W. Vogelsang, Phys. Rev. D
91, no. 3, 034001 (2015) [arXiv:1412.0298 [hep-ph]]; Phys.
Rev. D 92, no. 5, 054015 (2015) [arXiv:1506.01415 [hep-ph]].
[35] M. Cacciari, G. P. Salam and G. Soyez, JHEP 0804, 063 (2008)
[arXiv:0802.1189 [hep-ph]].
[36] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Eur.
Phys. J. C 63, 189 (2009), [arXiv:0901.0002 [hep-ph]].
[37] D. de Florian, R. Sassot, M. Stratmann and W. Vogelsang, Phys.
Rev. Lett. 113, 012001 (2014), [arXiv:1404.4293 [hep-ph]]
[38] D. de Florian, R. Sassot, M. Epele, R. J. Hernandez-
Pinto and M. Stratmann, Phys. Rev. D 91, 014035 (2015)
[arXiv:1410.6027 [hep-ph]].
[39] D. de Florian, R. Sassot and M. Stratmann, Phys. Rev. D 75,
114010 (2007) [hep-ph/0703242].
[40] A. Accardi et al., Eur. Phys. J. A 52, no. 9, 268 (2016)
[arXiv:1212.1701 [nucl-ex]].
[41] C. Adolph et al. [COMPASS Collaboration], Phys. Lett. B 753,
573 (2016) [arXiv:1509.03526 [hep-ex]].
